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
A ) of the primary quinone electron acceptor QA in oxygen-evolving
photosystem II complexes of three species were determined by spectroelectrochemistry. The
Em(QA/Q

A ) values were experimentally found to be 162 ± 3 mV for a higher plant spinach,
171 ± 3 mV for a green alga Chlamydomonas reinhardtii and 104 ± 4 mV vs. SHE for a red alga
Cyanidioschyzon merolae. On the basis of possible deviations for the experimental values, as esti-
mated to differ by 9–29 mV from each true value, plausible causes for such remarkable species-
dependence of Em(QA/Q

A ) are discussed, mainly by invoking the effects of extrinsic subunits on
the delicate structural environment around QA.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Photosystem (PS) II is a pigment–protein complex consisting of
several membrane-intrinsic subunits and extrinsic subunits in a
thylakoid membrane, and catalyzes light-induced oxidation of
water and reduction of plastoquinones. Light energy absorbed
and funneled by antenna chlorophyll (Chl) molecules drives elec-
tron transfer from the primary donor P680 to the primary acceptor
pheophytin (Phe) a. Electrons are transferred to the primary qui-
none electron acceptor (QA) and then to the secondary acceptor
QB on the acceptor side, and from a Mn4Ca cluster to P680+ on
the donor side [1].
The redox potential Em(QA/Q

A ) of QA is one of the key parame-
ters for elucidating the energetics and kinetics within PS II [2,3]. A
value of 80 or 30 mV (the latter was obtained in the presence of
an inhibitor diuron, 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) blocking electron transfer from QA to QB) has often beenchemical Societies. Published by E
ically transparent thin-layer
Chl, chlorophyll; QA, primary
U, diuron, 3-(3,4-dichloro-
uinone; LHC, light-harvesting
tanabe).cited as a reference potential for discussing the energetics [2,3]
since an extensive study by Krieger et al. [4,5], though the litera-
ture values of Em(QA/Q

A ) showed a heavy scatter, clustering at
around 300, 100, 0 and +100 mV vs. SHE (reviewed in Ref.
[4]). The values of Krieger et al. as well as those in most papers,
however, were Em(QA/Q

A ) for higher plants, except for a single case
on a cyanobacterium Thermosynechococcus elongatus [6], and the
latter is positive of that for spinach by over 160 mV. The cause
for this discrepancy has not been clariﬁed [6]. Hence, whether
the Em(QA/Q

A ) value depends on the species still remains
ambiguous.
Recently we succeeded in determining the Em(QA/Q

A ) value for
T. elongatus to be 140 ± 2 mV [7] by use of spectroelectrochemis-
try with an optically transparent thin-layer electrode (OTTLE) cell,
which had previously enabled us to determine the redox potential
of the primary electron donor P700 in PS I of two species [8,9] and
of Phe a in PS II of T. elongatus [10] to within a few millivolts. The
study on QA in T. elongatus [7] has been extended in the present
work to other three different species, namely spinach (higher
plant), Chlamydomonas reinhardtii (green alga) and Cyanidioschyzon
merolae (red alga). Spectroelectrochemistry on the PS II complexes
having sufﬁcient oxygen-evolving capacity yielded clearly different
Em(QA/Q

A ) values among the species, and possible causes for such
a species-dependence are discussed.lsevier B.V. All rights reserved.
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2.1. Sample preparation and characterization
Oxygen-evolving PS II-enriched membranes of spinach were
prepared according to Berthold et al. [11]. Oxygen-evolving PS II
complexes from C. reinhardtii and C. merolae were prepared as re-
ported elsewhere ([12] and [13], respectively) with slight modiﬁca-
tion. The isolated PS II complexes and PS II-enriched membrane
were stored in ice, not in liquid nitrogen, to suppress denaturation
leading to a shift in the Em(QA/Q

A ) value [4].
Oxygen-evolving activities of the samples were measured with
a Clark-type electrode at 25 C in the presence of 0.5 mM 2,6-
dichlorobenzoquinone (DCBQ) or 2 mM K3Fe(CN)6 with 5 mM
CaCl2. Pigment analysis was performed with reversed-phase HPLC
[14]. Fluorescence property was examined on a double-modulation
ﬂuorometer, model FL-3500 (Photon Systems Instruments, Czech
Republic).
2.2. Spectroelectrochemistry
Spectroelectrochemical measurements have been carried out in
essentially the same manner as in previous work [7]. The PS II sam-
ples were suspended at a Chl a concentration of 150–450 lM, cor-
responding to ca. 3 lM QA, in a medium containing 50 mM 2-[N-
morpholino]ethanesulfonic acid–NaOH (pH 6.5), 0.2 M KCl, 0.1%
dodecyl-b-D-maltoside, 1 M glycine–betaine, 1% taurine, and a
combination of redox mediators: 50 lM anthraquinone-2-sulfo-Fig. 1. Fluorescence intensity change at 681 nm during potential journeys: (A) PS II-enr
complexes from C. merolae.nate (Em = 195 mV), 50 lM 2-hydroxy-1,4-naphthoquinone
(Em = 100 mV) and 100 lM N,N,N0,N0-tetramethyl-p-phenylenedi-
amine (Em = +300 mV). A sample solution was transferred into an
OTTLE cell equipped with a gold mesh (100 mesh/inch) working
electrode, a Pt black counter electrode and Ag–AgCl reference elec-
trode [8] under nitrogen atmosphere. The electrode potential was
controlled with a potentiostat Model 2020 (Toho Technical Re-
search). The electrode potential is hereafter referred to the stan-
dard hydrogen electrode SHE (0 mV vs. Ag–AgCl = +199 mV vs.
SHE), and the measurement temperature was 14 C. The Chl ﬂuo-
rescence was excited with a weak monochromatic beam of
430 nm light at an intensity of 0.01 lE s1 m2, and the emission
in line with the measuring beam was detected at the backside of
the OTTLE cell placed in a sample chamber of a spectroﬂuorometer
Model FP6500 (JASCO).3. Results and discussion
Reduction of QA blocks the electron transfer from Phe a to QA,
and the absorbed photon energy is dissipated as ﬂuorescence from
antenna Chl a molecules [15]. Hence the Chl a ﬂuorescence yield
can be correlated with the redox state of QA, as was demonstrated
previously [7]. Fig. 1 shows the evolution of the ﬂuorescence inten-
sity at 681 nm, the peak wavelength of Chl a ﬂuorescence, during
potential journeys in the reductive direction for the oxygen-
evolving PS II-enriched membrane from spinach, and PS II com-
plexes from C. merolae and C. reinhardtii. After each potential step,iched membranes from spinach, (B) PS II complexes from C. reinhardtii and (C) PS II
1528 T. Shibamoto et al. / FEBS Letters 584 (2010) 1526–1530the ﬂuorescence intensity showed an increase and tended to a pla-
teau within 2000 s.
For each species, after the electrode potential was held at values
around the right-hand end in Fig. 1, namely at 275 mV or below
for spinach, 250 mV or below for C. reinhardtii, and 225 mV or
below for C. merolae, the ﬂuorescence intensity did not follow
the traces seen in Fig. 1 on the return potential journey in the po-
sitive direction. This phenomenon, as observed previously by Krie-
ger et al. [4] and ourselves [7], implies that an excessively negative
potential induces irreversible reduction of the Mn4Ca cluster. How-
ever, the ﬂuorescence intensity change exhibited complete revers-
ibility for potential ranges between 0 and 250 mV for spinach, 0
and 225 mV for C. reinhardtii, and +50 and 200 mV for C. mero-
lae (data not shown): this ensures the validity of analyzing the
ﬂuorescence data for the determination of the Em(QA/Q

A ) values.
By assuming that the fraction of the maximum ﬂuorescence
change upon electrochemical reduction is equal to the fraction of
QA reduced to Q

A , the magnitude of the ﬂuorescence intensity
changes at 681 nm was plotted against the electrode potential, as
shown in Fig. 2. All of the three plots well obey the Nernstian equa-
tion for a one-electron reversible redox process at 14 C. The
Em(QA/Q

A ) values thus determined experimentally, 162 ± 3 mV
for spinach, 171 ± 3 mV for C. reinhardtii and 104 ± 5 mV for C.
merolae, are summarized in Table 1 as Em(exp), together with the
value of 140 ± 2 mV for T. elongatus [7]. These results demon-
strate that the Em(QA/Q

A ) value depends on the species. According
to a theoretical expression relating the ﬂuorescence yield to the QA
fraction by Comayras et al. [16], however, the observed NernstianFig. 2. Nernstian plots based on the relative values of ﬂuorescence intensity at
681 nm for the three species examined.
Table 1
Experimental parameters and redox potential Em(exp) for PS II preparations from various
Species Classiﬁcation Extrinsic subunit Oxyg
(lmo
Chlamydomonas reinhardtii Green alga PsbO, PsbP, PsbQ 600
Spinach Higher plant PsbO, PsbP, PsbQ 500
Thermosynechococcus elongatus Cyanobacterium PsbO, PsbU, PsbV 2000
Cyanidioschyzon merolae Red alga PsbO, PsbU, PsbV, PsbQ0 2200
a Values obtained in the presence of 0.5 mM DCBQ; the value in parentheses for C. re
b Values per two Phe a molecules, obtained by reversed-phase HPLC.
c See Section 1 of Supplementary data for explanation in detail. S.D. of the values is w
d Experimental values obtained by spectroelectrochemistry as shown in Figs. 1 and 2
e ‘‘True” values estimated from Em(exp) by considering possible deviation from a linear
of Supplementary data for detail. Values were obtained based on a theoretical equation e
the dimer (cf. Eq. S2); the value in parentheses for spinach was estimated based on the
f From Ref. [7].behavior of the ﬂuorescence yield against E does not necessarily
ensure a linear relationship between the two parameters, and a
non-linear relationship would deviate an experimental value for
Em(QA/Q

A ) from a ‘‘true” value (see Section 1 of Supplementary
data). Based on a theoretical equation derived by Comayras et al.
(cf. Eqs. S1 or S2), it can be shown that the relationship between
the ﬂuorescence yield and E deviates slightly from the ideal Nerns-
tian behavior in case of a signiﬁcant deviation from the linearity, as
seen in Fig. S1 for example. The deviation from the linearity is
probably induced by excitation energy transfer between the two
PS units of the PS II dimer: when the excitation energy transfer is
possible, the excitons yielded by a unit with reduced QA become
available for a neighboring unit with oxidized QA to induce charge
separation, leading to a decrease in ﬂuorescence yield. Despite the
slight deviation for the ﬂuorescence yield against E from the Nerns-
tian behavior, the model theory suggests that the deviation from
the linearity would shift theoretically an experimental value nega-
tively from a ‘‘true” value (see Em(exp) and Em(R = 1) in Table 1 for
the values, respectively). As a consequence, the discrepancy for the
PS II core complexes was estimated to be within 9–16 mV from the
experimental values (Table 1). Further, for the PS II preparation
from spinach with abundant light-harvesting complex (LHC) II as
indicated by pigment analysis (Table 1), excitation energy diffusion
among PS II dimers through LHC II should modify the ﬂuorescence
yield. In such a case, a traditional homogeneous model, often called
‘‘lake model” [17,18], has been applied for the relationship be-
tween the ﬂuorescence yield and the redox state of QA (cf. Eq.
S3); however, even with the application of the homogenous model,
the discrepancy was estimated to be below 29 mV for PS II-en-
riched membranes (Table 1). Hence, even by considering such




In comparison with others species, the oxygen-evolving activity
of the PS II core complex from C. reinhardtii in the presence of DCBQ
was considerably lower despite the similar level of puriﬁcation as
suggested by pigment analyses (Table 1). As seen in the previous
reports for the preparations from C. reinhardtii [12,19], the oxy-
gen-evolving activity was about 600 lmol O2 mg Chl1 h1 in the
presence of DCBQ, while being as much as 1500 lmol
O2 mg Chl1 h1 in the presence of ferricyanide with CaCl2 (Table
1), and is comparable to those of the other PS II core complexes.
The higher activity in the presence of ferricyanide instead of DCBQ
implies that the structure around the QB-binding site is somewhat
altered by isolation [12,19]. This alteration also induces probably
the low quantum efﬁciency as indicated by the lower Fm/F0 ratio
(Table 1). Though it was reported that the presence/absence of
QB dose not inﬂuence Em(QA/Q

A ) [5], the structural alteration at
the QB-binding site might inﬂuence Em(QA/Q

A ). Therefore, the




l O2 mg Chl1 h1)






(1500) 41 2.2 171 ± 3 162 ± 3
151 3.1 162 ± 3 149 (134) ± 3
f 35 3.7 140 ± 2f 124 ± 2
36 2.9 104 ± 5 92 ± 5
inhardtii obtained in the presence of 2 mM ferricyanide and 5 mM CaCl2.
ithin ±0.1 for three measurements.
; mean ± S.D. for three independent samples.
relationship between the ﬂuorescence yield and the redox state of QA; see Section 1
xpressing possible excitation energy transfer between the two photosystem units of
homogeneous ‘‘lake” model (cf. Eq. S3).
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
A ) value of C. reinhardtii
and those of the other species.
As demonstrated by Krieger et al. [4] and us [7], either holding
the potential at a strongly negative value or NH2OH washing treat-
ment of the PS II complexes changed QA into an inactive form
exhibiting more positive Em(QA/Q

A ) values than those for the ac-
tive QA by as much as 150 mV. A similar behavior was noted also
in this work for the Em(QA/Q

A ) value of spinach, undergoing a po-
tential shift from 162 to 30 mV by NH2OH washing (see Section
2 of Supplementary data), while such a behavior was not noted for
C. reinhardtii and C. merolae. Though the reason for this phenome-
non is unclear, the values obtained here are hence Em of the ‘‘low-
potential active form” of QA in the PS II complexes.
The Em(QA/Q

A ) value obtained experimentally here for spinach,
162 ± 3 mV, is substantially different from the value of
84 ± 16 mV, reported in 1995 by Krieger et al. [4] and has since
been generally cited in discussing the energetics within the PS II
[2,3]. The origin for such a discrepancy is not clear for the moment,
though we could invoke the absence/presence of redox mediators,
as stated previously, as an explanation [7]. However, the mediators
do not necessarily interfere with the ﬂuorescence yield change in-
duced by the redox reaction of QA. Though some quinones may
quench the Chl ﬂuorescence (e.g., Ref. [20]), the spectroelectro-
chemical outcome of Mn-depleted PS II enriched membranes
shown in Section 2 of Supplementary data demonstrates that redox
reactions of the quinone mediators used in this work, anthraqui-
none-2-sulfonate (Em = 195 mV) and 2-hydroxy-1,4-naphthoqui-
none (100 mV), did not inﬂuence the ﬂuorescence yield change
against the electrode potential; if the mediators act as quencher,
the ﬂuorescence yield would have increased at potentials negative
of their Em in Fig. S2. As reported by Karukstis et al. [20], hydro-
philic groups of these quinones would prevent themselves from
acting as ﬂuorescence quencher. Therefore, our spectroelectro-
chemical outcome would almost exclusively reﬂect the redox reac-
tion of QA.
Possible causes for the species-dependence of Em(QA/Q

A ) are
considered in what follows. Firstly, any effect from chemical envi-
ronment surrounding QA can be excluded because the amino acid
residues around QA are known to be fully conserved among the
species examined here (see Section 3 of Supplementary data),
though there is a report that site-directed mutagenesis of Ala249
into Ser249 in the D2 subunit of T. elongatus shifted the Em(QA/
QA ) value negatively by ca. 60 mV [6].
Secondly, we could envisage the effect of subunit(s) present at a
site distant from QA. For instance, the Em(QA/Q

A ) value is raised by
about 150 mV on depletion of Mn4Ca cluster as shown in Section
2 of Supplementary data and demonstrated previously [4,7]: this
indicates that a change on the lumenal side could inﬂuence the envi-
ronment of QA in the D2 subunit. Further, previous works showed
that removal of one of the extrinsic proteins, PsbO, by salt washing
[21] or by biogenetical depletion [22] alters the redox property of
the acceptor side of PS II, and also removal of PsbO induces confor-
mational change of the intrinsic subunit CP43 at the stromal side
[23]. These also would corroborate a non-negligible inﬂuence of
the lumenal side on the stromal environment. The PS II structural
model based on the X-ray structure of T. elongatus PS II complexes
suggests the presence of interactions between the extrinsic sub-
units and intrinsic subunits [24]. Referring to these, it should be of
signiﬁcance to examine the nature of extrinsic subunits, at sites dis-
tant from QA, among the species examined in this work.
The extrinsic subunits are known to be PsbO, PsbP and PsbQ for
green algae and higher plants, PsbO, PsbV and PsbU for cyanobac-
teria, and PsbO, PsbU, PsbV and PsbQ0 for red algae [25]. A similar-
ity in the Em(QA/Q

A ) value between spinach and C. reinhardtii
(green alga), as seen in Fig. 2 and Table 1, may thus reﬂect the com-
mon composition of the extrinsic subunits. The small (<10 mV) dif-ference in Em(QA/Q

A ) may arise from a difference in the binding
property of extrinsic subunits (see Fig. 2 in Ref. [25]).
Within the range of this work, the observed Em(QA/Q

A ) values
are different by more than 20 mV among the following three
groups: spinach and C. reinhardtii, C. merolae and T. elongatus. Since
this classiﬁcation corresponds to that based on the nature of
extrinsic subunits, we could speculate that the latter exerts an
inﬂuence on the conformation of intrinsic D1 and D2 subunits,
hence affecting the subtle environment around QA, and the mode
and degree of such an inﬂuence differ among the three groups.
Though further details are not known at present, a possibly related
observation was reported by an FT-IR study, showing that hydro-
gen bonds between QA and the protein were basically the same
but the cofactor-cofactor interaction between QA and Phe a was
somewhat different between cyanobacteria and spinach [26].
The energetic relationships among cofactors within PS II are dis-
cussed based on Em(QA/Q





charge recombination together with the Em(QA/Q

A ) value for spin-
ach reported by Krieger et al. [4,5] led to a value of ca. +1250 mV
[2,3] for Em(P680/P680+), which still resist direct measurements.
The species-dependence of Em(QA/Q

A ) found herewould hence sug-
gest that the Em(P680/P680+) value depends on the species. The pre-
cise Em(P680/P680+) values for the four species, however, cannot be
estimated for the moment, since the kinetic analytical data may de-
pend on the species as well as the measurement technique, and the
data have been obtained only for Synechocystis PCC 6803 [2], C. rein-
hardtii [27], and spinach [3]. Comparative studies by use of a com-
mon technique yielded free energy change in going from [P680+
Phe a QA] to [P680+ Phe a Q

A ] to be 310 meV for Synechocystis
PCC 6803 and 265 meV for C. reinhardtii ([2,27]: 50 mV is added
to the original values considering a DCMU effect). Provided the free
energy change is similar among cyanobacteria, the energy level of
[P680+ Phe aQA], resulting from the additionof stabilization energy
due to charge separation to Em(Phe a/Phe a) [10], for T. elongatus
turns out to be negative of that for C. reinhardtii by 14 mV (7 mV
even by considering deviations), being an inverse tendency to that
of QA (Table 1). The order of the Em(P680/P680+) values thus might
be different from that of Em(QA/Q

A ), though the P680
* – Phe a energy
difference is needed to precisely estimate Em(P680/P680+) (the en-
ergy changes were obtained to be 150 to 170 meV for spinach
and Synechocystis PCC 6803 [28,29]). In view of this, the energetics
withinPS II is not necessarily the same for all species, andmore com-
prehensive analyses are still needed for elucidating the species-
dependence of the energetics. Recent spectroelectrochemistry on
Phe a and QA for T. elongatus [7,10] gave a value of the free energy
change in going from [P680+ Phe a QA] to [P680+ Phe a Q

A ] to be
330 to370 meV,which is comparable but not consistent with ki-
netic analytical results. Spectroelectrochemistry on Em(Phe a/Phe
a) for other species would provide further insight into the spe-
cies-dependence of PS II energetics.
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